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(67)  The presentinvention relates to a nuclear cross
section Doppler broadening method and device. The
method includes: discretizing a product F(x,6) of an av-
erage reaction cross section function o(E, T) and an en-
ergy E on grids equally divided on a square root N of the
c
energy as "3( ) , where incident particles have mass
m and energy E, target particles have mass M and Max-
wellian energy distribution under a temperature T, and
(4
F(x, §) = Eo(E, T), Fi(0) = F(zx,0)  k=01,... N-
1, T= \/E , and c are discrete superscript symbols;
expanding the product F(x, 6) of the average reaction
cross section function and the energy on a group of or-
thogonal function sets, an expansion coefficient isAf/- (6),

and j is an index of the orthogonal function sets, where

[«
for the discretized product F’f (0) of the average reac-

tion cross section function and the energy, an orthogonal

“o i
function expansion coefficientthereof is fj (0) ~ fJ (9)
; based on the product F(x, 0) of the average reaction
cross section function and the energy under a 0 K tem-

f5(0)

perature, obtaining a group of coefficient weights

/\C A.C
,Where fJ' (©) is a function of fJ (0) ; and representing

NUCLEAR CROSS SECTION DOPPLER BROADENING METHOD AND APPARATUS

F(x, 6) as a sum of an orthogonal function of the group
of coefficient weights, using the group of coefficient

~
c

weights fJ (0) , calculating F(x, 6), and obtaining an av-
erage reaction cross section o(E, T).

Discretizing a-product £'{ 2, #) of an average reaction cross 110
section function and an energy on grids equally divided on a square ™/
root of the energy as Fi(()

Performing discrete orthogonal transformation on the discretized 120
roduct function /() of the average reaction cross scction ~/
niction and the cnergy on a group of erthogonal function scts

Obtaining a group of real cocfficients /5¢t}-based on the product 130
fl*‘(l»ix 0 of the average reaction cross section and energy at 0 —
Kelyin

Representing £{:, ¢} as an approximate of a sum of an 140
orthogonal function of the group of cocfficient weights, using the
group of coefficient £y, calculating /'{ 2, @ . and obtaining
an average reaction cross sections {55, T

FIG. 1
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Description
Technical Field

[0001] The present invention relates to the field of nuclear technology, and in particular, to a nuclear cross section
Doppler broadening method and device.

Background

[0002] Particle reactions are the basis of nuclear applications. The nuclear cross section reflects the probability of a
nuclear reaction between the particles and the nucleus of the target material, and the accuracy of the calculation result
is very high. The temperature reflects the thermal motion of the target material. Different temperatures of the target
materials lead to different relative speeds of particles with the same incident speed, which expands the width of a
resonance peak on a resonance cross section curve. This effect is referred to as a Doppler effect. Taking a nuclear
reaction between neutrons and reactor fuel components as an example, the temperature in the reactor is highly uneven,
and a temperature span can reach about 200-3000 K in a volume of 10* 10* 10 cm3. Therefore, accurate calculation of
the Doppler broadening is crucial for reactors. However, the nuclear cross section is a complex function of the temperature
of the target material, and therefore, the Doppler broadening is a difficult problem to solve.

[0003] The existing Doppler broadening algorithms can be roughly divided into two categories: one category is a
representation method based on a point energy cross section, which uses different energy-cross section tables at different
temperatures; the other category relates to an expansion based on an analytically function of the cross section in energy
and temperature. The first category of methods requires a group of point cross section representations for each reaction
at each temperature. Since there are hundreds of nuclides, the computer internal storage required to be used may be
up to tens of GBs, and the calculation density is low, which is not suitable for large-scale parallel calculation on the
current computer architecture. The Chinese patent application with an application No. 201610782544.7 and entitled
"FAST NUCLEAR CROSS SECTION DOPPLER EXPANSION METHOD", discloses a relatively fast method in the
second category of methods, which uses an expression of the nuclear cross section at temperature T represented by
a pole of the 0 K nuclear cross section to compute the nuclear cross section at temperature T. However, a Faddeeva
function that needs to be calculated by this method needs consuming expensive calculation resources, and many
conditional branches make parallel calculation inefficient.

Summary

[0004] For the technical problems existing in the prior art, the present invention provides a nuclear cross section

Doppler broadening method, which includes: discretizing a product F(x, 6) of an average reaction cross section function
c

o(E, T) and an energy E on grids equally divided on a square root N of the energy as ~ k ( ) , where incident particles

have mass m and energy E, target particles have mass M and Maxwellian energy distribution under a temperature T,

c — 1
and F(x, ) = Eo(E, T), F’C (9) - F(xk’ 0)  k=0,1,..N-1, T = E , and c are discrete superscript symbols;
expanding the product F(x,6) of the average reaction cross section function and the energy on a group of orthogonal
function sets, an expansion coefficient is ; (¢), and j is an index of the orthogonal function sets, where for the discretized
Fi(0)

product of the average reaction cross section function and the energy, an orthogonal function expansion coef-

~

fe(0) = f;(0)

ficient thereof is 7

; based on the product F(x,0) of the average reaction cross section function and the
HY)

fc fc
energy under a 0 K temperature, obtaining a group of coefficient weights fj (0) , Where fj (0) is a function of “J
; and representing F(x,6) as a sum of an orthogonal function of the group of coefficient weights, using the group of

fc
coefficients fj (0) , calculating F(x, 6), and obtaining an average reaction cross section (J"(E,).
[0005] In the method above, for the grids equally divided on the square root of the energy, a size of the grid is N, a
maximum energy point is a grid point E,,,,, and an energy at a spot where a grid index is n is e,,, meeting the following
condition:

e, =%
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Tn =nAz

Az =/ Epaz /(N — 1)
n=0,1,...N —1.
where F(x,0) is discretized on the grids equally divided on the square root N of the energy:

F(0) =F(xx,0), k=0,1,...N — 1,

F§(0) =F(0,6) = 0.

[0006] In the method above, it further includes: performing orthogonal transformation on the product F(x, 6) of the
average reaction cross section function and the energy; and performing discrete orthogonal transformation on the dis-

[+
cretized product Fk (0) of the average reaction cross section function and the energy.

[0007] In the method above, it further includes: performing Fourier transform on the product F(x,6) of the average
reaction cross section function and the energy; and performing discrete Fourier transformation on the discretized product

c
Fk (0) of the average reaction cross section function and the energy.
[0008] In the method above, it further includes: performing cosine transformation or equivalent transformation of the
cosine transformation on the product F(x, 6) of the average reaction cross section function and the energy; and performing
discrete cosine transformation or equivalent transformation of the discrete cosine transformation on the discretized

c
product k ( ) of the average reaction cross section function and the energy.
[0009] In the method above, a basis for the cosine transformation is cos(anjx), and a frequency thereof is
25+ 1
wj ==
AN Az,

, and then

NAzx
fi(0) —/0 F(z,0) cos(2mzw; )dz

)

a basis for the discrete cosine transformation is cos(2rnwp,), and then

N-—

f]c(ﬂ) = Z FZ(0) cos(2mw;zi) Az

k=0

—

)

(0
where j=0,1, ... N- 1 is an integer; and where a function relation between fJ ( ) and

f5(0) mf5(0)e G

[0010] In the method above, when the orthogonal transformation is the cosine transformation, F(x, 6) is represented
as a sum of an orthogonal function of the group of coefficient weights as follows:
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1 9 V-
F(z,0) ~— Z ( —(2mw;)%0 cos(2mzw;)

[0011] In the method above, only first Ny, sparse items in F(x, 6) expansion are reserved:

F(z,0) =—— Z f;(O)e_(zﬂ“’j)ze cos(2mzw;)

)

where Ngpa06 is less than N.

[0012] In the method above, based on a predetermined precision threshold, N, is determined.

[0013] In the method above, the predetermined precision threshold is represented by a maximum value in absolute
values of relative errors at an energy grid point e, of a reserving N item and a reserving N,Spar,se item in F(x, f)expansion,
where k =0,1,... N- 1; and where the predetermined precision threshold is less than or equal to 0.001, i.e.,

Nspnrse
o (6) — o' (6)

< 0.001
ogingagr(—l U,ICV(H) < 0.00
where
1 1 2 Ns;pr.r.'r'ss_l
Nspcw'ss _ fc —\4TWy 2 .
O (0) = Z Az N HOE (2m3)°0 cos(2mxgw; )
k =0
11 2
N - - = fc —(27rw-)29 )
0) = (0 3 2
oy (0) 22 Az N j§—:0 ;(0)e cos(2mLw;)

[0014] In the method above, N,Sparse is less than 500,000, or less than 1,000,000.
[0015] In the method above, the predetermined precision threshold is a precision threshold corresponding to a lower
limit of a preset temperature range.

[0016] In the method above, the lower limit of the preset temperature range is 200 K.

[0017] In the method above, in a lower energy region, F(x, 0) of 0 K is used, and F(x, 6) is calculated based on the

following formula:

(z—w)? (z+y)?

F(z,0) \/_/ y,[ G |y

[0018] In the method above, it is defined

F(z,0) =F,(z,0) = Z anz™ !
n=0

a group of expansion coefficients a,, under 0 K is obtained by polynomial fitting; and therefore

F(z,0) ~Fy(z,0) = Z en(z,0)

n=0



10

15

20

25

30

35

40

45

50

55

EP 4 130 803 A1

where ¢, (x, 6) is obtained from a polynomial of the expansion coefficients a,, and x and an error function through four
arithmetic operations.

[0019] Inthe method above, the low energy region is less than 10 ev, or less than 5 ev, or less than 1 ev, or less than
0.5 ev, or less than 0.1 ev, or less than 0.05 ev, or less than 0.01 ev.

[0020] In the method above, the incident particles are neutrons.

[0021] According to another aspect of the present invention, a nuclear cross section Doppler broadening method
implemented on a computing device forreducing internal storage needs is provided, where the computing device includes
one or more processors and an internal storage; and the method includes executing the method above in the computing
device.

[0022] In the method above, the processor is a graphics processing unit (GPU).

[0023] In the method above, the processor is a neural network chip.

[0024] In the method above, the processor is a Field Programmable Logic Gate Array (FPGA).

[0025] In the method above, when the method is used for nuclear cross section Doppler broadening of all nuclides in
an ENDFB library, all internal storages used in the internal storage are less than 1 G, or less than 800 MB, or less than
500 MB.

[0026] According to another aspect of the present invention, a computing device for nuclear cross section Doppler
broadening is provided and configured to implement the method above.

[0027] In the computing device above, the computing device is one computer; or a plurality of computers for imple-
menting distributed calculation; or a calculation network formed by the plurality of computers.

[0028] According to another aspect of the present invention, a reactor Monte Carlo simulation method is provided,
which includes: using the method above for nuclear cross section Doppler broadening.

[0029] The Doppler broadening method using the cosine sequence is more suitable for directly calculating the reaction
cross section of a resolvable resonance region at any energy and temperature. Taking calculating the neutron reaction
cross section as an example, all the nuclides in the ENDF database only need hundreds of MBs of data. Moreover, the
present invention also provides a low energy correction method in a case of large errors in a low energy region. After
experimental verification, it is found that the method of the present invention can calculate most nuclides in the ENDF
database, and the transition is smoother on an upper boundary of the energy range. The higher the temperature, the
more accurate the calculation result of the present invention.

Brief Description of the Drawings

[0030] The following further describes the preferable embodiments of the present invention in detail with reference to
the accompanying drawings, where:

FIG. 1 is a flowchart of a nuclear cross section Doppler broadening method according to an embodiment of the
present invention.

FIG. 2 is a schematic diagram of using an ENDF database and an NJOY program to verify the method of the present
invention.

FIG. 3A to FIG. 3F exemplarily show experimental results of nuclides 0-18 (MAT-831).
FIG. 4A to FIG. 4F exemplarily show experimental results of U-235 (MAT=9228).
FIG. 5A to FIG. 5F exemplarily show experimental results of U-238 (MAT=9237).

Detailed Description

[0031] To make the objectives, technical solutions, and advantages of the present invention clearer, the following
would clearly and completely describe the technical solutions in the embodiments of the present invention with reference
to the accompanying drawings in the embodiments of the present invention. Apparently, the described embodiments
are merely some rather than all of the embodiments of the presentinvention. All other embodiments obtained by a person
of ordinary skill in the art based on the embodiments of the present invention shall fall within the protection scope of the
present invention.

[0032] In the following detailed description, reference may be made to each drawings attached to the specification
used as part of this application toiillustrate particular embodiments of the presentinvention. Inthe accompanying drawings,
similar reference numerals describe broadly similar components in different drawings. Each specific embodiment of this
application is described below in sufficient detail to enable a person of ordinary skills in the art with relevant knowledge
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and technology to implement the technical solution of this application. It shall be understood that other embodiments
may also be used or structural, logical, or electrical changes may be made to the embodiments of this application.
[0033] The present invention provides a novel nuclear cross section Doppler broadening method, which enables the
nuclear cross section at any energy and temperature to be directly calculated on a computer. In some embodiments,
only a few hundred MB of data is required for all nuclides in the ENDF database. In some embodiments, the method of
the present invention can reduce the internal storage requirements and better adapt to massively parallel calculation.
For the reactor Monte Carlo simulation, the nuclear cross section Doppler broadening method of the present invention
also has advantages.

[0034] As well known to a person skilled in the art, Doppler broadening is a theory concerning the calculation of the
average reaction cross section of the collision between incident particles and target particles of a target material in
thermal motion. Assuming that the incident particles have mass m and energy E, and the target particle has mass M
and Maxwell distribution at temperature T, and then the average reaction cross section o(E, T) can be represented by
the following equation:

o(B,T) = / yaEr,Oﬂ SEE e gy

= V1 (D

where £ =V E ,y= VE,, and y are integral variables, and 8= mkT/(4M); E, represents energy included by incident

particles in a physical reference system in which the target particles are stationary.
[0035] Similarly, it is defined that the energy times the average reaction cross section F(x, 6) as follows:

F(z,0) = Eo(E,T) ()
then Equation (1) can be represented as:

(z—1)? _ (=+)?

0 , % — 10 d
F(z, Tid / (y,0 [ e y G

[0036] For a one-dimensional thermal conduction equation, a target variable u(x, t) thereof describes the temperature
at a coordinate space x and time point ¢; k is a thermal diffusion coefficient, and the equation is described as follows:

0 02
au(w,t) :k@u(w,t) @
u(0,1) =0 (5)

[0037] It has a solution based on a Green'’s equation:

1 * (z—)? (z+9)?
u(z,t) = u(y,0) |e” &t —e 2kt | d
@0~ [ u.0)| '

[0038] Therefore, the solution of the nuclear cross section Doppler broadening can be obtained by solving the one-
dimensional thermal conduction equation with respectto F(x, 6). This thermal conduction equation can be represented as:

0 0

—F(z,0) = 922

(M

o(E,T) = O(1/VE)

[0039] Furthermore, according to properties of physics, the average reaction cross section



10

15

20

25

30

35

40

45

50

55

EP 4 130 803 A1

,thatis, when E approaches to 0, has a lower order than 1/ VE ; or when E approachesto 0, " EU(E’ T) approaches
a constant, which also includes 0. At the same time, also because even for a common constant value in an elastic

scattering cross section at T = 0 temperature when E approaches to 0, \/EU(Ea T) approaches to 0. Therefore, when
x approaches to 0, F(x, d) also approaches to 0.

[0040] A person skilled in the art should note that, for a given F(x, ¢), a group of orthogonal functions g(x, 6) are
defined, where j is an integer index, which satisfies

X 1 j=k

where Xis an arbitrarily large upper boundary, then F(x, 6) can be expanded into

F(,0) =3 g5(w,6)/5(0)

A

where f/-(e) is an expansion coefficient of a positive-valence function, i.e.,

£5(0) = / F(z,0)g;(z, 0)dx

and a differential equation is satisfied:

O (0:(2.0070)) = 2305(2,0)/(0)

[0041] Furthermore, in a case of the given Af(O), by integrating x from 0 to X, solving an equation with respect toAf, and
assuming a vanishing boundary condition at X, f(6) can be solved.

[0042] In this embodiment, an orthogonal function system of cosine transformation is chosen. Use F(x,6) = F(—x, 0),
extend F to the —o direction, and make it into an even function, to conduct cosine transformation. A person skilled in
the art shall understand that other systems of orthogonal functions may also be applied in a similar manner under the
motivation of the cosine transformation of this embodiment. For example, the orthogonal function system can be the
orthogonal function system of the Fourier transformation; or the equivalent transformation of the cosine transformation,
such as the sine transformation. These are all within the scope of protection of the present invention.

[0043] Specifically, for real frequencies ®, the cosine transformation is defined as follows:

fw,0) = /000 F(z,0) cos(2mzrw)dx ®

[0044] Furthermore, multiply Equation (7) by cos(2zxw), and integrate x from 0 to «, solve the equation aboutAf, and
assume a vanishing boundary condition at «o, to obtain

. OF 67(27“.0)29 -1

7 —(2nw)?e | YO B —
F(w,0) =f(w,0)e g = U s ©)

oF

a_ (Oa 0)
[0045] For applications on the nuclear cross section Doppler broadening, the boundary condition 0% is im-
portant at low energies, but can be ignored when being greater than 0.01 reverence, in some embodiments, segmenting
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processing may be chosen. When being greater than 0.01 ev, the items related to the boundary conditions are ignored.
When being less than 0.01 ev, other modes are selected for correction.
[0046] Therefore, the F(x,f)function is represented as an approximate expression as a cosine sequence:

F(z,0) ~a Z fjc(O)e*(Z’""J')% cos(2mzw;)
; (10)

e (0
where o is a constant, and a real number fJ ( ) is calculated by multiplying the average reaction cross section at 0

Kelvin temperature by a value of the energy F(x, 0). Moreover, the real number o;is a frequency setthat includes discrete

frequencies. This expression works for any energy x and temperature 6.The above is a basic idea of this embodiment.

rc
[0047] In some embodiments, fj (0) coefficients are generated by the discrete cosine transformation to increase a
calculation speed of the present invention. As well known to a person skilled in the art, cosine transformations of type
Il 'and type Ill are mappings of N real numbers to other N real numbers:

N-1
Yk =0k Y Tncos(m(n+1/2)k/N), k=0,1,...N 1, (DCT-II)
n=0 (11)

N-1
Ty = Z aryr cos (m(n+1/2)k/N), n=0,1,...N — 1, (DCT-III)
k=0 (12)

where the definition of o, is:

_{ 1/VN k=0,
*=\ V2/N 1<k<N (13)

[0048] The cosine transformations of type Il and type Ill are inverse transformation with respect to each other. There
is a Fast Fourier Transform (FFT) algorithm based on FFT under the complexity is calculated using N log N.The method
of this embodiment can greatly improve the speed of calculation.

[0049] FIG. 1is aflowchart of a nuclear cross section Doppler broadening method according to an embodiment of the
present invention. As shown in FIG. 1, the Doppler broadening method of this embodiment includes the following steps:
At Step 110, multiply the average reaction cross section by the energy, i.e., F(x,6). discretizing on the grids equally
divided on the square root N of the energy. Step 110 relates to the discretization in energy. In some embodiments, a
grid that is bisected in the square root of the energy is defined, referred to as X-grid. X-grid has the maximum energy
E, .. and the number of points of the grid is N.NIt can be an arbitrarily large value. Therefore, the energy at the spot

max
where the grid index is n, which can be given by the following equations:

en =T2  (14)

Tn =nAZ (15)

A.’L‘ = Emaz/(N — 1) (16)

n=0,1...N-1 (17)
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[0050] F(x,6) would be discretized on the X-grid as:

F(0) =F(zy,0), k=0,1,...N—1 (18)

Fg(0) =r(0,0)=0 (19

C
[0051] At Step 120, the discretized average reaction cross section is multiplied by the energy Fk (0) into a group of

orthogonal functions for the discrete orthogonal transformation. Step 120 relates to the discretization in orthogonal
function index. As mentioned above, this group of orthogonal functions, i.e., the orthogonal function system, is chosen
as a cosine change function system. At this time, Step 120 relates to the discretization in cosine function frequency
domain. Of course, as mentioned earlier, other of orthogonal function systems are also possible.

25 +1
Wj =
[0052] Forthe convenience of calculation, we choose afrequency set ANAz ofreal numbers as the frequency

f5(9)

c
of the cosine function, and at this time, the coefficient of the discrete cosine transformation of F’i (0) is given

by the following equation:

Z F£(0) cos(2mwjzi)Az, j=0,1,...N -1
(20)

~

HO)

[0053] At Step 130, a group of real coefficients are obtained based on the product F(x, 0) of the average
reaction cross section and energy at 0 Kelvin.

. . o | HOW FE(0)
[0054] In some implementation examples, it is obtained in the following way : first, the product of the
discrete average reaction cross section and energy at 0 Kelvin temperature is calculated, and then the type Il discrete

F(0)

cosine transform is applied to , and the following equation would be given:

( Sk FE(0) Az cos( "Ry

: DCT-III :
FE(O)Azx Ty .

+0) SN 0 FE(0) Az cos(THEED)

VeSO _ NEFHO

1-+v2 :
V35O

FS(0O)Az | 1
RSO |

[0055] Accordirlg to Equation (9), and ignoring the boundary conditions at x = 0, and it is observed that e is the following
approximation of f:
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f(wj,ﬁ) = /000 F(z,0) cos(2nzw;)dx

N
k

—

Z Fg(0) Az cos(2mzyw;)
=0

1 (0) 2)

~
~

f50) _ f50)

[0056] The function between 7 and "7 can be established in the following mode:

F5(0) mfs()e Cme0 s

[0057] Multiply the Fitem in Equation (21) by e-(27%)20 and perform the type Il discrete cosine transformation, to obtain
. o Fg(0) . .

the approximate of the discretization value of the product of the average reaction cross section and energy at

temperature 6:

~

# [§(0)e )0

/ %f}:(o)e—(?ﬂ'wj) 0

DETIN feg)Az

24

FE(0) ~ FE0) , FE(0) F5(0).

where equals about to
[0058] The content above is summarized through an algorithm in Table 1 below, so as to facilitate the understanding
of a person skilled in the art:

Algorithm 1 Doppler Broadening using DCT
Require: N, Az, 6, Fi(0) (k=0,1,...N —1)
Ensure: [7(0), F(0) (k=0,1,...N ~ 1)
Let {G;}=DCT-II({F£(0)})
set {f4(0)}={A2,/3G;}

Set { F¢(0)}=DCT-I({G; exp(—(2n 2L )20)H)

[0059] At Step 140, represent F(x, 6) as a similarity of a sum of an orthogonal function of the group of coefficient
weights, use the group of coefficient weights, compute F(x, 6), and obtain an average reaction cross section o(E, T).
[0060] Insome embodiments, when the orthogonal transformation is the cosine transformation, according to Equation

Fi(0)

~

[+
(24), can be approximated by the sum of fj (0) sequences with weights:

10
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N-1
o 2 A (9m)?
F(6) = Fg(0) :A—,;v N 7(0)e (2mw;) Gcos(2kawj)
3=0
[ &Rl FOe e os(2nziw,) k21
A I fe(0)e men®e k=0 25)

[0061] The approximation shows that F(x, 6) is a cosine sequence approximation:

1 2 %=

Az N

—

fc —(2nw;)?
;(0)e (2rwi)"0 cos(2maw;)
j=0 (26)

F(z,0) =

[0062] As mentioned above, when the energy E, that is, x2, approaches to 0, the average reaction cross section o(E,

T) would form the shape of 1/@ or 1/x, or approaches a constant, so that when x approaches to 0, the product
F(x,0), i.e., Eo(E, T), of the average reaction cross section and the energy also approaches to 0.Hence, when x = 0,
F(0, )= 0.

fc
[0063] In some implementations, for J of jhaving a relatively large index, i.e., the high frequency part, the influence
is quite small. Therefore, only N items in front of Equation (26) can be taken, that is, multiple sparse items in front,

sparse
where N, .0 is less than N, for example, N, ¢ is within 10% of N:
1 2 N.spa.'rse_l
A~ 2
F(z,0) NAN J'-:(O)e_(%“j) b cos(2mzw;)
T
5=0 (27)

[0064] According to the inventor’s verification, for the calculation of Doppler broadening of the nuclear cross section,
only a small number of N, items can be calculated to meet the precision requirements of the Doppler broadening
calculation. In some embodiments, Ny, is less than 500,000; or N, is less than 1,000,000.Therefore, such
truncation can greatly improve the calculation speed of the present invention.

[0065] In some embodiments, N, is determined according to a predetermined precision threshold. For example,
the predetermined precision threshold can be 0.001; that s to say, if the nuclear cross section of all N items are reserved
as standard at a certain temperature, then the maximum difference between the nuclear cross sections obtained by
calculating the previous Ny, items and the nuclear cross section as the standard at any energy point is less than
0.001, then Ngparse at this time is the required number of reserved items. After truncation, the item after the preceding
Nsparse items can be omitted.

[0066] Insomeimplementations, the predetermined precision threshold is represented by a maximum value in absolute
values of relative errors at an energy grid point e, of a reserving N item and a reserving Nsparse item in F(x, 6) expansion,
where k = 0,1, ... N - 1; and where the predetermined precision threshold is less than or equal to 0.001, i.e.,

Nspa.rse
o (0) — o' (6)

ogflga&‘_l 0{:’(0) <0.001
where
Nuporse(gy = = 1 2 - S 2
o (0) = I'_%A_:L‘N 2 f5(0)e cos(2mzkw;)
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N—
1 Ac Tw
o (0) = A_N Z 5 ( ~(2mw;)"0 cos(2mzrw;)

a"m| =

[0067] Furthermore, as shown in Equation (27), at higher temperatures, the high frequency coefficient (the greater
index 7) approaches to 0 faster than the low frequency coefficient (the smaller index J). Therefore, the higher the
temperature, the more accurate the solution of the present invention. For the preset temperature range concerned by
the user, the predetermined precision threshold may be a precision threshold corresponding to a lower limit of the preset
temperature range.

[0068] A person skilled in the art should note that F, f; (0) is obtained by type IlI dlscrete cosine transformation in the
algorithm of Table 1 and reserving the previous N,Sparse item compression. When the f (0) coefficient is obtained, the
Doppler broadening of the nuclear cross section at any energy and temperature can be directly calculated.

[0069] The content above is summarized through an algorithm in Table 2 below, so as to facilitate the understanding
of a person skilled in the art:

Algorithm 2 Doppler Broadening using Cosine Series Expansion
Require: N, Noparse, Az, 2, 6, £2(0), (7 = 0,1, .. Noparse — 1)
Ensure: Fz,8{k=0,1,...N -1}

Letw; = (25 + i}j{éiNA,r

Set F(z,0) = =2 ;Nj;‘;‘*“e”{ f£(0) exp(—(27w;)20) cos(2maw;))

[0070] As stated above, for the low energy, for example, less than 10 ev, or less than 5 ev, or less than 1 ev, or less
than 0.5 ev, or less than 0.1 ev, or less than 0.05 ev, in particular, less than 0.01 ev, the nuclear reaction interface
calculated by Equation (27) has errors. Hence, the present invention further provides a low energy correction mode. For
example, using F (x, 0) below 0 Kelvin, the energy cross section function at any temperature at low energy can be
calculated based on Equation (3) as follows:

1 & 177'.'42 x y2
F(z,0) = / F(y,0) {e( e dy
0

[0071] In some embodiments, it is defined:

T o(T Za T 08)

[0072] Use the polynomial of x to fit F(x, 0), so as to obtain a group of expansion coefficients a, at 0 Kelvin. Hence,
Doppler broadening to a 6 value proportional to temperature T, to obtain

x,0 z,0 cn(x, 0
F(z,0) =Fy(z,0) = ;::0( )(29)

where c,(x, 6) is the contribution from item a,x"=1; and it can be expressed as the closed expression of the expansion
coefficient a,, and the polynomial of x and an error function (erf) obtained by four arithmetic operations of addition,
subtraction, multiplication, and division. The calculation of c,(x, 6) is illustrated by a few specific examples.

[0073] defines © = z/ V40

can be given by the following formula:

. For example, taking n = 0,1, 2,3,4, 5 as an example, based on Equation (3), ¢, (x, 6)

12
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(V49)? Eﬁ(%f + 1)erf(:E)}

co(z,0) —ag—(V40)? B\/ﬁ(%? + 3)}

e3(z, 0) :a3%(\/@)4 B\/m(# +1)&2 + 3)erf(#)
+%e*525(252 + 5)}

ca(z, 0) :M%(\/E)f’ B\/Tmm(j? +5)E% + 15)}

1 1
cs(x,0) =a5—=(V40)°® | = /m(82° + 60z* + 90%% + 15)erf()
J 8
1 -
+Ze*“-‘25~(4j4 1 28%% + 33)]

Experimental verification of the present invention

[0074] FIG. 2 is a schematic diagram of using an ENDF database and an NJOY program to verify the method of the
present invention. The ENDF/B-VIII.0 database 201 is shown in the upper left of FIG. 2. As is well known to a person
skilled in the art, the ENDF/B-VIII.0 database includes file 2, which stores usage parameters of most nuclides and
represents the distinguishable resonance cross sections (the resonance parameters), and file 3, which stores the back-
ground cross section. In the database, there are three ways to express the resolvable resonance cross section param-
eters: MLBW (Multilevel Breit-Wigner), RM (Reich-Moore), and RML (R-Matrix Limited). In this experiment, 448 nuclides
expressed by means of MLBW and RM are used for testing. Of course, the method of the present invention can also
be applied to nuclides expressed in other modes.

[0075] Taking the neutron transport calculation as an example, the total cross section (MT=1), elastic scattering cross
section (MT=2), total absorption cross section (MT=27), capture cross section (MT=102), and total fission cross section

~

c
(MT=18) are used for verification. In this experiment, at Step 202, a frequency space coefficient fj (0) is calculated

c
by using the discretization cross section F’f (0) of F(x,0) at 0 K in the fineX-grid, and the product F(x,6) of the average
reaction cross section and energy at temperature @is calculated by using Equation (27). The target temperature is from
200 K to 3000 K with a temperature lower limit of 200 K. Reconr and Broadr subroutines in NJOY2016 program are
used as comparison standards, and a fault tolerance rate is set as 0.00001 (1E-5). Therefore, Ngp4.c is determined

since the nuclear cross section difference calculated at 200 K meets the fault tolerance rate, and the tried fault tolerance
rate is 0.001 (1E-3).Furthermore, at Step 204, the cross section of the low energy region (less than 0.01 ev) at 0 Kelvin
is fitted by polynomial. At Step 205, it is expanded to arbitrary temperatures. Then, processing results of both low and
high energy regions are stored in the database at Step 206.

[0076] In order to verify the method of the present invention, the Reconr and Broadr subroutines in the NJOY2016
program 207 are used and the fault tolerance rate is set to 0.00001 (1E-5). In the art, the value of a common fault
tolerance rate is 0.001 (1E-3). In this experiment, two orders of magnitude lower are used for detecting any difference
except the numerical errors. The energy points on the total cross section energy grid obtained by NJOY are used for
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verifying the calculation results of the present invention to compare the closeness degree of the cross section values at
different energy points. Furthermore, the total cross section, elastic scattering cross section, total absorption cross
section, capture cross section, and total fission cross section are obtained by using a post-processing mode.

[0077] In step 208, the results of the method of the present invention stored in the database are compared with the
results obtained by NJOY to verify the method of the present invention. The method of the present invention is verified
for the total cross section, elastic scattering cross section, capture cross section, total absorption cross section, and
total fission cross section (if any) in the temperature range of 200 to 3000 K. As shown, the low energy correction method
proposed in the present invention is partially used at low energy.

Experimental Results:

[0078] Through the method above, 448 nuclides in the ENDF/B-VIII.0 database are verified. FIG. 3A to FIG. 3F, FIG.
4A to FIG. 4F, and FIG. 5A to FIG. 5F exemplarily show experimental results of nuclides 0-18 (MAT-831), U-235
(MAT=9228), and U-238 (MAT=9237), respectively. The relative error of the nuclear cross section o with respect to o
is defined as:

o — 0g
0g (30)

Crel =

where €, represents the relative error, o is the result calculated using the method above, and o, represents the
calculation result of NJOY.

[0079] Throughthe experiments above, the maximum relative error of 448 nuclides in total with respect to the calculation
result of NJOY is only 0.001. At the same time, it is better than this error index most of the time. Moreover, the inventor
notes that at the upper boundary of the energy range, the method of the present invention makes the transition of the
boundary smoother. However, the transition of NJOY’s algorithm is discontinuous, which makes it seem that there is a
large error at the boundary.

[0080] As shown in Equation (27), at higher temperatures, the high frequency coefficient (the greater index j) ap-
proaches to O faster than the low frequency coefficient (the smaller index J), which would make the curve smoother.
Moreover, the experimental results also show that the higher the temperature, the more accurate the solution of the
present invention.

[0081] Through the experiments above, the Doppler broadening method using the cosine sequence is more suitable
for directly calculating the reaction cross section of a resolvable resonance region at any energy and temperature. Taking
calculating the neutron reaction cross section as an example, all the nuclides in the ENDF database only need hundreds
of MBs of data. Moreover, the present invention also provides a low energy correction method in a case of large errors
in a low energy region. After experimental verification, it is found that the method of the present invention can calculate
most nuclides in the ENDF database, and the transition is smoother on an upper boundary of the energy range. The
higher the temperature, the more accurate the calculation result of the present invention.

[0082] As understood by a person skilled in the art and verified by the experiments above, the method of the present
invention can realize the Doppler broadening of the nuclear cross section when the incident particles are neutrons.
Considering that the electromagnetic force has little influence on the nuclear reaction, the Doppler broadening method
of the present invention can also be applied to other particles, not limited to neutrons.

[0083] The present invention also provides a nuclear cross section Doppler broadening method implemented on a
computing device for reducing internal storage needs is provided, where the computing device includes one or more
processors and an internal storage. The computing device is used for performing the nuclear cross section Doppler
broadening method of the present invention as illustrated in the embodiment above. The computing device is one
computer; or a plurality of computers for implementing distributed calculation; or a calculation network formed by the
plurality of computers. As mentioned above, the nuclear cross section Doppler broadening method of the presentinvention
can greatly reduce the internal storage usage amount and reduce the internal storage requirement, and the internal
storage used for the nuclear cross section Doppler broadening of all nuclides in the ENDF/B-VIII.0 nuclear database is
less than 1 G, or less than 800 MB, or less than 500 MB; it should be understood by a person skilled in the art that the
presentinventionis not limited to the ENDF/B-VIII.0 version of the nuclear database. Moreover, the method of the present
invention can be carried out at a faster speed. Furthermore, the method of the present invention is also more suitable
for parallel calculation. Therefore, the processor of the computing device is also a processor suitable for parallel calcu-
lation, so as to perform Doppler broadening of the nuclear cross section faster.

[0084] Insome embodiments, the processor of the computing device is a graphics processing unit (GPU), for example,
a neural network chip. More specifically, the processor is a Field Programmable Logic Gate Array (FPGA). The method
of the present invention can be more efficient by using a GPU and other processing chips for calculation. This is also a
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preferred implementation of the present invention.

[0085] As an application of the presentinvention, the present invention also provides a reactor Monte Carlo simulation
method, which includes: using the nuclear cross section Doppler broadening method exemplified in the embodiments
above.

[0086] The embodiments above are only for the purpose of explaining the present invention and are not limitations to
the present invention. A person of ordinary skills in the relevant technical field can also make various changes and
variations without departing from the scope of the present invention. Therefore, all equivalent technical solutions shall
also belong to the scope disclosed by the present invention.

Claims
1. A nuclear cross section Doppler broadening method, comprising:

discretizing a product F(x, 6) of an average reaction cross section function o(E, T) and an energy E on grids

c
equally divided on a square root N of the energy as ~ ¥ ( ) , wherein incident particles have mass m and energy
E, target particles have mass M and Maxwellian energy distribution under a temperature T, and F(x, 6) = Eo(E,

c _ =
T), Fk (0) o F(xk’ 0) ,k=01,...N-1,T= E , and c are discrete superscript symbols;

expanding the product F(x, 6) of the average reaction cross section function and the energy on a group of
orthogonal function sets, an expansion coefficient being f/-(H), and j being an index of the orthogonal function

FC
sets, wherein for the discretized product k ( ) of the average reaction cross section function and the energy,

fe(0) = f;(0
an orthogonal function expansion coefficient thereof is f’ ( ) fJ( ) ;
based on the product F(x, 0) of the average reaction cross section function and the energy under a 0 K tem-
fc Fc
f5(0) THOI.

e (g
perature, obtaining a group of coefficient weights 7 , wherein fJ ( ) is a function of *7
representing F(x,6) as a sum of an orthogonal function of the group of coefficient weights, using the group of

fc
coefficient weights fj (0) , calculating F(x, 6), and obtaining an average reaction cross section o(E, T).

2. The method according to claim 1, wherein for the grids equally divided on the square root of the energy, a size of
the grid is N, a maximum energy point is a grid point E,,,, and an energy at a spot where a grid index is n is e,
meeting the following condition:

2

en =I,

Tn =nAZ

Az =v/Epmaz /(N — 1)

n=0,1,...N —1.

)

wherein F(x, 6) is discretized on the grids equally divided on the square root N of the energy:

FE(0) =F(zx,0), k=0,1,...N — 1,

FE(6) =F(0,6) = 0.
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The method according to claim 1, further comprising: performing orthogonal transformation on the product F(x, 6)
of the average reaction cross section function and the energy; and performing discrete orthogonal transformation

Fi (6)

on the discretized product of the average reaction cross section function and the energy.

The method according to claim 3, further comprising: Performing Fourier transform on the product F(x, 6) of the
average reaction cross section function and the energy; and performing discrete Fourier transformation on the

c
discretized product F’“ (0) of the average reaction cross section function and the energy.

The method according to claim 3, further comprising: performing cosine transformation or equivalent transformation
of the cosine transformation on the product F(x, 6) of the average reaction cross section function and the energy;
and performing discrete cosine transformation or equivalent transformation of the discrete cosine transformation on

[
the discretized product Fk ( ) of the average reaction cross section function and the energy.

The method according to claim 5, wherein a basis for the cosine transformation is cos(27wx), and a frequency
27 +1

w; =
4NA.’L' , then

thereof is

NAzx
f3(0) :/0 F(z,0) cos(2mzw; )dz

)

a basis for the discrete cosine transformation is cos(27m)jxk), then

Z Fg(0) cos(2nwjzy) Az

whereinj =0, 1, ... N-1is an integer; and

fe(0 f¢(0
wherein a function relation between fJ( ) and fJ( ) is:

HORTHOLCE

The method according to claim 6, wherein when the orthogonal transformation is the cosine transformation, F(x, 6)
is represented as a sum of an orthogonal function of the group of coefficient weights as follows:

N—
1 .

F(z,0) /—— E 7(0) ~(2muw;)? % cos(2maw;)
A N =

The method according to claim 7, wherein only first Ny, sparse items in F(x, €) expansion are reserved:

1 2 £ —(27w;)?
F(z,0) RATN Z fi(0)e (2mw;)"0 cos(2maw;)

)

wherein N is less than N.

sparse

The method according to claim 8, wherein based on a predetermined precision threshold, N, is determined.
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The method according to claim 9, wherein the predetermined precision threshold is represented by a maximum
value in absolute values of relative errors at an energy grid point e, of a reserving N item and a reserving Ngp4.s6
item in F(x, &) expansion, wherein k= 0,1, ... N - 1; and wherein the predetermined precision threshold is less than
or equal to 0.001, i.e.,

Nsparse
o (0) — o' (0)

< 0.001
0 | N (6) <000
wherein
1 1 2 Nspn.'rsrz_l
Nspa'r'se AC — 'rrwj 2
o, 0) = EA—{L‘N f;(0)e (2mwi)"0 cos(2mrpw,)
j=0
N-1
1 1 2 A 2
N c —(27w,; )"0
oy (0) = ZAsN 5 5(0)e (2mw3)"0 cos(2mzpw;)

J:
The method according to claim 8, wherein N,Sparse is less than 500,000, or less than 1,000,000.

The method according to claim 10, wherein the predetermined precision threshold is a precision threshold corre-
sponding to a lower limit of a preset temperature range.

The method according to claim 12, wherein the lower limit of the preset temperature range is 200 K.

The method according to claim 1, wherein in a lower energy region, F(x,0) of 0 K is used, and F(x, 6) is calculated
based on the following formula:

_(z—w)? _ (z+y)?
40

\/iﬁ/oooF(y,O) [e T —e

The method according to claim 14, wherein it is defined

F(z,0) = dy

F(z,0) =F,(x,0) = Zanaﬂ”l
n=0
a group of expansion coefficients a,, under 0 K is obtained by polynomial fitting; and then
F(z,0) =Fy(z,0) = ch(m,a)
n=0

wherein ¢, (x,6) is obtained from a polynomial of the expansion coefficients a, and x and an error function through
four arithmetic operations.

The method according to claim 13, wherein the low energy region is less than 10 ev, or less than 5 ev, or less than
1 ev, or less than 0.5 ev, or less than 0.1 ev, or less than 0.05 ev, or less than 0.01 ev.

The method according to claim 1, wherein the incident particles are neutrons.

A nuclear cross section Doppler broadening method implemented on a computing device for reducing internal
storage needs, wherein the computing device comprises one or more processors and an internal storage; and the
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method comprises executing the method according to any one of claims 1 to 17 in the computing device.

The method according to claim 18, wherein the processor is adapted to parallel calculation for nuclear cross section
Doppler broadening.

The method according to claim 18, wherein the processor is a graphics processing unit (GPU).

The method according to claim 18, wherein the processor is a neural network chip.

The method according to claim 18, wherein the processor is a Field Programmable Logic Gate Array (FPGA).
The method according to claim 18, wherein when the method is used for nuclear cross section Doppler broadening
of all nuclides in an ENDFB library, all internal storages used in the internal storage are less than 1 G, or less than

800 MB, or less than 500 MB.

A computing device for nuclear cross section Doppler broadening, configured to implement the method according
to any one of claims 18 to 22.

The computing device according to claim 24, wherein the computing device is a computer; or a plurality of computers
for implementing distributed calculation; or a calculation network formed by the plurality of computers.

A reactor Monte Carlo simulation method, comprising using the method according to any one of claims 1 to 18 for
nuclear cross section Doppler broadening.

18
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Discretizing a product £'{ -, &) of an average reaction cross 110
section function and an energy on grids equally divided on a square ™~/
root of the energy as F(#)

i

Performing discrete orthogonal transformation on the discretized 120
product function £ {#} of the average reaction cross section —~/
function and the energy on a group of orthogonal function sets

B

Obtaining a group of real coefficients /5 (0} based on the product 130
F{a, 0 of the average reaction cross section and energy at ()
Kelvin

Representing #'{ ., /) as an approximate of a sum of an

orthogonal function of the group of coefficient weights, using the
group of coefficient {073, calculating F'( -, £} . and obtaining
an average reaction cross sectioner( F, 7'

140

FIG. 1
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